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ABSTRACT

The success of the ion thruster on the Deep Space One mission has opened the gate to the use of

primary ion propulsion. Many of the projected planetary missions require throughput and specific
impulse beyond those qualified to date. Spectroscopic, real-time ion thruster grid erosion-rate

measurements are currently in development at the NASA Glenn Research Center. A preliminary
investigation of the emission spectra from an NSTAR derivative thruster with titanium grid was

conducted. Some titanium lines were observed in the discharge chamber; however, the signals
were too weak to estimate the erosion of the screen grid. Nevertheless, this technique appears to be

the only non-intrusive real-time means to evaluate screen grid erosion, and improvement of the
collection optics is proposed. Direct examination of the erosion species using laser-induced

fluorescence (LIF) was determined to be the best method for a real-time accelerator grid erosion

diagnostic. An approach for a quantitative LIF diagnostic was presented.

NOMENCLATURE

A = accelerator grid area, m_-

F b = correction factor for peaked beam current

density
fd - fraction of erosion products emitted with

downstream velocity components
M = atomic mass of erosion species, kg

mL = mass loss, kg
nMo.max = maximum molybdenum number density

adjacent to accelerator grid, m3
t = time to lose mass, s

x' e = mean velocity of efflux, m/s

INTRODUCTION

The dramatic success of the NASA Solar

Electric Propulsion Test Applications and Readiness
(NSTAR) 30-cm ion thruster on Deep Space One has

proven that the technological barriers to the use of
primary electric propulsion have been overcome, m.3
The NSTAR ion thruster demonstrated life to 8192

hours with a xenon throughput of 88-kg in a ground

test, and the ongoing extended life-test (ELT) has

logged over 11,000-hours and 96-kg of xenon to
date. u2 Despite these triumphs, the user community

requires still more throughput and at higher thrust

and specific impulse than that demonstrated by the
NSTAR ion engine, z In addition to the Comet

Nucleus Sample Return (CNSR) mission which plans
to use four NSTAR derivative thrusters, NASA

Glenn Research Center (GRC) is also actively

developing a 5-kW ion thruster, a 30-kW Interstellar
Precursor ion thruster, a 100-300-W ion thruster, and
a hollow cathode micro-ion thruster. 5'6 To reduce the

real and perceived risks associated with new

propulsion systems, ground based life-tests will
continue to be conducted for the foreseeable future,

With the cost of qualifying thrusters for spaceflight
measured in millions of dollars and multiple years,

accurate and timely evaluation of thruster

performance and predicted life is critical to the
deployment of advanced ion thruster systems. This
paper presents the ongoing work being conducted at
NASA Glenn Research Center to assess and to

develop real-time, spatially resolved erosion

diagnostics in support of advanced ion thruster
research.

The discharge cathode and both the accelerator
and screen grids in ion thrusters have exhibited
sputter erosion. 1 In the NSTAR configuration, the

accelerator grid appears to be the primary life-

limiting component, although anomalous erosion in
the vicinity of the cathode tip has been observed in a
2000-hour test conducted at GRC _'7 and the ongoing

ELT. The anomalous cathode erosion is the subject
of another study, 8 and the present work focuses on
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griderosion.Sputteringfromdischargechamberion
impingementis theprimarymechanismforerosionof
thescreengrid. Inprinciple,screengriderosionisa
functionoftheioncurrentandenergy,bothof which
canbe measuredaccurately. In practice,the
predictionof screengridlife is complicatedbythe
relativelypoorunderstandingofthesputteryieldnear
thresholdvoltagesandthepossiblepresenceof high
energyionsemittedfrom thedischargecathode.9
Acceleratorgrid erosionalso occursvia ion
bombardment.Kerslake_°firstpresentedthetheory
of chargeexchangeionproductionbeingresponsible
for acceleratorgridwear. As thebeamionsflow
downstream,someof themundergoresonantcharge-
exchangecollisionswithpropellantor background
atoms.Thenewlyformedfastneutralatomcontinues
its downstreamtrajectorylargelyunaffectedby the
collision,whiletheresultingslowion,borndeepina
potentialwell,undergoeselectrostaticacceleration
towardthenegativelybiasedacceleratorgrid. The
charge-exchangeion then collides with the
acceleratorgrid,sputteringgridmaterialaccordingto
thesputteryield.Themostprobablelocationsforthe
formationof chargeexchangecollisionsresultin
sputtererosionwhichenlargesthegridaperturesand
alsocreatesthefamihar"pitsandgrooves"erosion
patternon thedownstreamsurface.2'1_Accelerator
grid lifetimemaybedefinedeitherby thepoint
whereelectronbackstreamingcanno longerbe
preventedby the existingpowersuppliesdueto
apertureenlargement,orbystructuralfailuredueto
the"pitsandgrooves"materialloss. Theformer
mechanismis believedto dominategriderosionin
spacewhereneutralsfor chargeexchangecollisions
comeonlyfromthethruster,andnotthefacilitygas.

Thispaperdescribestheinitiationofaneffortto
developreal-time,spatially-resolvedgrid erosion
diagnosticsattheNASAGlennResearchCenter.A
backgroundintoerosion-ratediagnosticsispresented.
Next,a preliminaryexperimentalinvestigationis
summarized. Initially, emissionspectrawere
collectedand analyzedto evaluatethe thruster
environmentandto assesswhichtechniquesare
appropriatefor the screenandacceleratorgrids,
respectively.In addition,thescreengridwasbiased
to enhanceits erosion,andtherebystrengthenthe
emissionspectra. The resultsof the emission
spectroscopicmeasurementsarediscussed.Finally,a
proposedexperimentalarchitectureforanaccelerator
gridlifetimemeasurementbasedon a LIF density
diagnosticispresented.

BACKGROUND

Erosion measurements can be categorized by

the following: the number of hours of operation
required to measure the erosion, whether it is
sensitive to the type of erosion, the level of

component handling, the spatial resolution, and the

ability to predict grid lifetime from the data. Many

erosion measurement techniques only provide useful
results after the grids have been operated for several
hundred hours. Ideally, the erosion measurement can

differentiate aperture enlargement from the "pits and

grooves" wear. Relatively few erosion diagnostics

are conducted in situ. without dismantling the
thruster. The typically peaked profile of the ion
current density leads to a radial variation in erosion,

and the spatial resolution capacity of the erosion

diagnostics vary. The peak ion current density
determines the point of failure in the accelerator grid,

although the distribution of sputtered efflux is of

interest for spacecraft designers in assessing
integration. The ability to predict grid life varies
with the diagnostic, and direct measurements of grid

shape or operating characteristics are typically the
most accurate measurements by this criterion. Ion
thruster grid erosion measurements are discussed

relative to these figures of merit in this section.

Many techniques have been implemented to
measure ion thruster grid erosion, and Table l

summarizes the attributes of the most widely used
methods. Observation of the perveance limit or the

electron backstreaming limit of the grids provides an
indirect measure of accelerator grid aperture

enlargement. As the apertures enlarge, ion
impingement on the accelerator grid occurs at smaller
total accelerating voltage values, and the threshold

bias to prevent electron backstreaming through the
grids becomes more negative. As the accelerator

apertures erode, mass loss analysis of grid erosion

has been used extensively to estimate grid
lifetime. 12'13']4"_5 Since neither the screen nor the

accelerator grid erode uniformly, mass loss analysis
must be used in conjunction with another method or

modeling to determine grid life. Destructive analysis
has been performed to examine the topographical
nature of grid erosion. 2't2 While destructive analysis

enables direct examination of the erosion profile, the

technique is impractical for acceptance testing or
time-resolved measurement. Beattie and Poeschel

pioneered the use of erosion witness badges which

employ alternative thin layers of different color
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Table 1 - Assessment of Erosion Measurement Techniques.

Technique

Perveance
Limit

Electron

Backstreaming

Mass Loss

Destructive

Witness Badges

Accelerated
Wear Tests

QCM /

Deposition
Slides

Profilometry

Parameter

Measured

Accelerator
Grid Current

Beam

Current

Mass

Profile and

Aperture
Diameter

Profile

Mass and/or

Profile

Sputter
Material

Deposition
Profile and

Aperture
Diameter

Time

(hours)
100's

100's

100's

100's

100's

100's

100's

100's

Mechanism

Differentiation

No. Only for

aperture
diameter.

No. Only for

aperture
diameter.

No

Yes

No. Only for
"Pits and
Grooves"

Perturbs In-Space
Mechanism

No

Yes

Grid

Handling
None

None

Removal from
Thruster

Removal from

Thruster and
Destruction

Removal from

Thruster

Removal from

Thruster

None

None if in situ

Spatial
Resolution

None

None

None

Yes

Yes

Yes

None

Yes

Ability to
Predict Life

Good

Good

Poor

Good (single
data point only)

Poor

Poor

Poor

Excellent

Microscopy Profile and 100's Yes Removal from Yes Excellent

Aperture Thruster
Diameter

Emission Density ~ 1 Possible None Yes Good (Screen

Spectroscopy Grid
Demonstrated)

LIF Density Density - 1 Yes None Yes Good (Accel
Grid)

metals to indicate relative wear rates, j6'_7 The

witness badges consisted of alternating thin layers of
the target material (molybdenum) and a different

colored metal (copper) which also erodes much more

quickly than the target metal. The badges were spot
welded to the grid surface. After several tens of

hours of operation, the witness badges were
examined, and the amount of erosion was measured

by counting the number of layers that had been

removed in an area. This diagnostic was limited by
the thickness of the deposited layers, and whether the

deposited molybdenum in the badge had the same
sputter yield as the bulk material in the grids was left
undetermined. An accelerated wear-test was

conducted by Brophy, Polk, and Pless _4 in order to

highlight the erosion of two-grid optics, however the
elevated facility pressure used to hasten the wear
altered the dominant erosion mechanism. With

elevated background pressure, charge exchange
collisions occur further downstream of the thruster,

and as the charge-exchange ions are born farther

from the thruster, they are more likely to be focused
onto the web and beyond the active area of the grid.
Accelerated wear-tests constitute an erosion

measurement technique only when combined with
one or more of the methods described here. Several

investigations have used the arrival rate of erosion

products at a quartz crystal microbalance or
deposition slides to estimate a bulk erosion-rate._S'19

Material deposition is an indirect erosion
measurement, and the ability to predict grid lifetime

is consequently limited. The source of the material
cannot be determined precisely, and typically the

material composition must be determined
independently. Profilometry and microscopy have

been used to examine erosion topography in a non-
destructive manner. ''13"L_'z°'2L22The principle for both

profilometry and microscopy is to determine the
erosion profile based on the focal point of an optical

system. The use of a laser range sensor enables

NASA/TM----2000-210459 3



profilometryto be conducted in situ, while
microscopy is performed manually after the grids
have been removed from the thruster. Both

techniques provide a great deal of spatial resolution

and can be used to determine aperture enlargement.
While each of the previously mentioned

methods to determine grid erosion and life has
advantages, they all share the same disadvantage: the

thruster must be operated for at least several
hundreds of hours before an accurate erosion-rate can

be inferred. Use of an in-situ profilometer during the
8192-hour NSTAR wear-test showed that the "pit and

groove" erosion-rates were independent of the
operational hours accrued.-" This fact means that a

real-time erosion-rate measurement will yield a

representative "pit and groove" wear-rate, and the
grid lifetime may be calculated from these data. 2

Examination of the perveance limit and electron
backstreaming limit data from the 8192-hour wear-

test implies that the beginning-of-life aperture

enlargement rate was slightly higher than that after
approximately 2000-hours." Since perveance and
electron backstreaming limits are indirect measures
of grid aperture erosion, additional work must be

performed to establish whether the aperture

enlargement rate is constant over time. Under
conditions where erosion-rates are expected to be
constant over time, real-time erosion rate

measurements mitigate the need for extended

duration testing to determine wear-rates and are
limited only by the minimum level of detectable
erosion. Background information on three real-time

erosion-rate diagnostics is discussed below.
Optical emission spectroscopy was proposed by

Rock, Mantenieks, and Parsons 23 as a means to

measure ion thruster screen grid erosion in real-time.

Although ion thruster discharge chamber plasmas

typically fail to meet the conditions for local
thermodynamic equilibrium, a kinetic steady state
model was used in which a set of rate equations

describing the population of excited states was

solved, yielding relative densities. By examining the
relative intensities of a set of neutral molybdenum
spectral lines and utilizing an empirically derived

description of the discharge plasma, the density was
calculated consistently with the sputter yield from the

screen grid. This technique is dependent upon
accurate determination of the discharge chamber

plasma environment and ample line intensity in the

erosion product species. Nevertheless, Rock,
Mantenieks, and Parsons 2_were able to predict screen

grid erosion-rates to within twenty percent.
Laser spectroscopic techniques have also been

used to determine neutral and ionic densities. While

laser absorption is an established method for

determining particle density, the path-length

necessary for accurate determination of the density of
erosion products complicates its implementation.
Laser-induced fluorescence (LIF) has also been

employed as a real-time, spatially-resolved erosion-
rate diagnostic. 24.2526 Each of these studies yielded

results on the relative erosion product density for
accelerator grid biases between -200 and -500-V.

This operating range accentuated the grid erosion for

the benefit of the diagnostic. Others have
successfully implemented quantitative LIF in other
systems with molybdenum 27 and with titanium, 28

both of which are candidate grid materials. LIF holds

promise for determining the absolute accelerator grid
erosion-rate for realistic operating conditions, and the

remainder of this paper describes a preliminary
emission spectroscopic investigation and analysis to

further assess the applicability of laser and emission
based optical diagnostics to measure ion thruster grid
erosion-rates.

EXPERIMENTAL APPARATUS

Emission spectra from the GRC test-bed ion
thruster, a NSTAR derivative, were collected at a

number of operating conditions. The goal of the

spectroscopic investigation was to examine the
emission characteristics of an ion thruster over a wide

range of operating conditions. The results will be
used to determine which transitions to target for
future investigations.

GRC Test-Bed Ion Thruster

Geometrically, the GRC test-bed ion thruster,
shown in Figure 1, is nearly identical to the NSTAR

thruster. The significant differences from the
NSTAR configuration are the use of an aluminum

discharge chamber and titanium optics for these tests.
The power processing unit was modified to allow

operation to 5-kW, and Table 2 represents the ideal
throttle table for the engine. During this

investigation, the thruster was operated at throttling
levels 28, 19, 15, 12, 10, 8, 4, and 0. The maximum

beam voltage and current were 1500-V and 2.70-A,

respectively. For further details concerning the
thruster, the reader is referred to Patterson et al. 5

Propellant Feed System

High purity xenon was supplied to the thruster
using an inert gas feed system, designed for
performance assessments of 30-cm thrusters. The

feed system has an in-situ propellant flow-rate
calibration capability which agrees with a National

Institute of Standards and Technology (NIST)
traceable bubble flow-meter to within four percent.

Propellant flow rates were controlled to within 0. l-

sccm for the discharge, discharge cathode, and

N ASA/TM---2000- 210459 4



neutralizer.Thequalityof thefeedsystemensured
thatonlytraceamountsofcontaminantgases,which
wouldcomplicatespectralidentification,reachedthe
discharge.

PlasmaScreen

DischargeCathode

I DischargeChamber PlasmaProbes

Fiber
Optic
Coupler

OpticViewingCone'

Grids

Figure1- Schematicofthetest-bedIonThruster
withtheInternalFiberOpticProbe.

Vacuum Facility

The tests were conducted in Vacuum Facility
11 (VF-11) at GRC, shown in Figure 2, which is
2.2-m in diameter by 7.9-m long. The chamber is
made of aluminum, and the interior is lined with

stainless steel sheets. The facility was held between
1.9 and 7.5 x 10"4-pa during these tests by 4 0.9-m

diameter and 3 1.2-m diameter gaseous helium

cryopumps which provided a pumping speed of

approximately 110,000 L/s on xenon. Non-
condensable gases, such as helium, were removed
from the chamber by a turbo-molecular pump.

Optical Diagnostics

Fiber optics with a core diameter of 200-fxm and
approximately 25-m long were used to deliver the

emissions from the thruster to a 0.5-m spectrometer

equipped with a fiber optic coupler. A fiber optic
probe was mounted flush with the wall of the

discharge chamber as shown in Figure 1. Spectra

were also collected in a 50-mm by 6-mm slab
perpendicular to the thruster axis, immediately

downstream of the grids, however, these emissions
proved too weak to be collected using fiber optics.

The spectrometer entrance slit dimensions were set to

l-mm wide by 2-mm high to accommodate the
relatively weak signal from the fiber optics. A 2400-

lines/mm holographic grating optimized for
ultraviolet wavelengths was used to enhance the

transmission of the erosion product spectra, much of
which lies between 300 and 400-nm. A

photomultiplier tube with detection capability over

the range from 180 to 900-nm was used to measure
the signal. The spectra were collected with a

computer data acquisition system, and scans were
typically conducted going from 350 to 650-nm in

0.5-nm increments with a 0.3-s integration time. The

system linearity and resolution were calibrated using
a mercury Plucker tube. Using a tungsten filament

lamp, magnitude calibrations were conducted before
and after testing to correct for any deposition of
eroded material on the fiber. The calibrations

showed the deposition to be negligible, and the

system, including the fiber optic, was sensitive well
into the ultraviolet as illustrated in Figure 3.

-- IonThruster

and

MotionSystem

Figure 2 - Vacuum Facility 11 at GRC.

The uncorrected spectra, collected at throttle
level 28, is depicted in Figure 4. The majority of the

peaks represent neutral and singly-ionized Xe. The

spectra in the near-UV is enlarged to illustrate that
some structure was observed in the emission at these

wavelengths. In cases where the resolution prevented
a clear distinction between xenon and titanium, the
line was assumed to be xenon due to its relative

abundance in the discharge chamber. Emission

wavelengths, Einstein coefficients, and degeneracies

NASA/TM---2000-210459 5



Table 2 - Ideal Throttling Table for the Test-Bed Ion Thruster.

Throttle

Level (TH)

28

27

26

25

24

23

Thrust

{naN)

165

159

153

147

141

135

Thruster Input
Power (W)

4595

4427

4256

4088

3919

3751

Engine
Efficiency

0.698

0.696

0.695

0.693

0.691

0.688

22 129 3583 0.686

21 123 3415 0.683

20 117 3247 0.683

19 108 3009 0.678

18 104 2832 0.671

17 101 2655 0.664

16 96.4 2478 0.656

15 91.4 2298 0.627

14 86.7 2177

82.4

77.7

72.5

2059

1939

1818

1697

1578

67.7

62.6

13

12

11

10

0.630

0.639

0.636

0.631

0.632

0.620

8 57.3 1457 0.613

7 52.0 1330 0.607

6 46.8 1209 0.598

5 41.5 1089 0.584

4 36.3 969

31.1 846

0.568

0.546

26.9 724 0.537

1 23.6 603 0.493

0 20.2 483 0.445

Beam Voltage,
Vb(V)

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1400

1300

1200

1100

1100

1100

1100

1100

1100

Beam Current,

Jb (A)

2.70

2.60

2.50

2.40

2.30

2.20

I_p (s)

3953

3944

3934

3923

3913

3899

2.10 3887

2.00 3872

1.90 3876

1.76 3842

1.76 3710

1.76 3573

1.76 3431

1.74

1.65

1.57

1.48

1.38

1.29

1100 1.19

1100 1.09

1100 0.99

1100

1100

0.89

0.79

0.69

0.59

0.51

1100

1100

1100

850

3205

3220

3247

3228

3218

3221

3183

3175

3156

3144

3119

3086

3027

2942

0.51 2566

650 0.50 2163

were obtained from the National Institute of

Standards and Technology INIST) Physical

Reference Data. -'9 Energy levels and some relative

intensities were obtained from Striganov and
Sventitskii. 3°

EMISSION SPECTROSCOPY

RESULTS

The primary, goal of the spectroscopic

investigation was to determine the prevalence of

erosion product spectra in the emissions from a

thruster under various operating conditions. While

the emission in the beam proved too weak to be

observed using the fiber optic scheme mentioned

previously, the spectra in the discharge chamber

contained a number of lines as shown in Figure 5.

The spectra has been separated in 100-nm sections in

Figure 5 for clarity in the designation of the peaks.

Throttle condition 15 is shown in Figure 5 because it

is the NSTAR maximum power condition and

therefore provides a reference point to a thoroughly

evaluated operating point. The results of the

8192-hour wear-test showed a slight chamfering of

the upstream face of the molybdenum screen grid

apertures, resulting in an estimated mass loss of

0.23-g. 2 The emission spectrum is comprised mostly

of singly ionized xenon lines, with a lesser degree of

neutral xenon and low-level atomic titanium and

nitrogen (background gas) emissions. The fines

shown in Figure 5 are representative of those seen at

each of the other throttle conditions.

Several of the neutral titanium lines were

examined to determine the scaring of their intensity

with the beam current, and the results are presented

in Figure 6. The line strength increased with current.

Since the line intensity is, in general, a function of

NAS A/TM---2000- 210459 6



.=

10 4
8

6

4

-T

103
8b-

61'=

41-

3OO

10 °

10 s

10:

-- 10 6

iF
Ill Ill Ill ]llllllll I|l Ill Illllllll I|1 III I

350 400 450 500 550 600 650 700

7_

A
='1

B

t-

Wavelength (nm)

Figure 3 - Magnitude Calibration of the Fiber-Optic/Spectrometer System with a Tungsten Filament

Lamp

10xl03

.d 6
t_

-_ 4

250

200

150

100

50

350

-- I i

i

360 370 380 390 400

i ,

i :

250 300 350 400 450 500 550 600 650 700

Wavelength (nm)

Figure 4 - Sample Discharge Chamber Spectra Obtained from the Internal Fiber Optic Probe• (TH28)

NASAfI'M---2000-210459 7



1400

1200

c
= 1000

800

w

•_ 600

400

A

N

•.

v

=

N

200

6000

4000

2000

1000

80O

600

400

200

[_ I I '11 I I I I I I III I t Iv I I" I I I I" I I I i i J i iii i j i i i I i i i i i i ]

Xe lI Xe

Til iX_II I X]I
= Xe II] II i
_ Xe 1+Xe

_" ] Xe 111, Ti 1

_- Ti I Xe III Xe II

: J I I
360 380 400 420

Wavelength (nm)

rl'

440

a) 350 to 450-nm

.llllllllllllllll_lllllllllll'lWJ''l'_''l'''ll''_'d

_Xe 1, Ti I \Xe 11

B

Xe I1

Xe II

Xe I! I

Fe'i* eI e* oii Xe,,i
[ Xe II Xe II ]

I !

460 480 500 520

Xe II

IX i Xe 11

II

I

'l _ ,-_ I _ , ,_

540

Wavelength (nm)

b) 450 to 550-nm

r-, i i i i _ i i , i , , , i i _ i , , i i , i i i i , , , i _ , i i i , i , , i _ , , _ i , i i _-

Xe I1

e

II Xe I1

I
Xe II Xe I1

Xell II XeII [[

i

Xe II

Xe !. Xe II

I XelXel I

I

• i _ _ , I i , , . I . . , , I t i t i I j i , , I , , . i I j i i i I i , . . i , i i i I i i i I

560 580 600 620 640

Wavelength (nm)

c) 550 to 650-nm

Figure 5 - Detailed Spectra at THI5 with Line Identification.

NASA/TM----2000- 210459 8



a_

350 -t- i i

300

250

200

150

100

50

0 F_

0.0

i i i i , I i i , i i i t i , i , i i i i , i , i i i -I-
364.27-nm

390.48-nm

395.82-nm

0.5 1.0 1.5 2.0 2.5 3.0

Beam Current (A)

Figure 6 - Variation of the Relative Intensities of Several Titanium Lines in the Discharge Chamber as a
Function of Beam Current

atom density, electron density, and electron energy
distribution function for a collisionally excited

population, trends in titanium density cannot be
discerned from the data in Figure 6 without

additional information on the electron population in

the discharge chamber. The technique by Rock,
Mantenieks. and Parsons 23 can be applied to the

titanium atom population in the discharge, however
the accuracy of the density estimate is limited by the
few transitions observed. To bolster the effectiveness

of this technique with a titanium screen grid,
additional titanium lines must be detected. The

scatter in the intensity of the titanium lines with the
beam current emphasizes the necessity for additional

transitions to give the technique a better statistical
foundation.

ANALYSIS AND DISCUSSION OF

EMISSION SPECTROSCOPY FOR

EROSION MEASUREMENTS

The geometry of the ion thruster precludes
examination of the discharge chamber environment
without significant modifications; in order to perform
LIF measurements in the discharge chamber,
Williams et al. s used three windows mounted to the
conical section of an NSTAR derivative thruster. The

use of a fiber optic probe mounted to the discharge
chamber was non-intrusive and required only a minor

modification to the discharge chamber. However, the

plasma induced fluorescence of the erosion products
yielded relatively weak signals. The minimal level of

erosion product lines in the emission spectra is the

result of both a low erosion-rate and the limited

amount of light collected by the 200-pm diameter

fiber optic. Since the maximum discharge voltage in

these experiments was 26.2-V, few doubly charged
ions were expected to be created, and the erosion-rate
was expected to be low. The value of 18-eV for the

sputtering threshold of titanium by xenon was used

despite the contentious nature of these
measurements. 3L32 Depending on the size of the

anode fall voltage, ions in the discharge chamber had

sufficient energy to sputter the titanium screen grid.
Qualitatively, the discharge chamber emission

spectra support these suppositions.
In an attempt to enhance the signal of the

erosion products in the discharge chamber, the screen

grid was biased 10 and 20-V below cathode to
increase the ion impingement energy. The results
however were inconclusive. While perturbing the

discharge in order to test the detection limits of the
emission spectroscopy diagnostic is useful in the

preliminary stages of development, the goal is to

develop a passive erosion-rate measurement
technique. In order to determine the erosion-rate
inside the discharge chamber from the emission

spectra, improved collection optics must be
employed. This is the domain of future research.

The goal will be accomplished either with miniature
collection optics for the fiber optic probe or by using

direct viewing of the discharge chamber through the
grids. The latter method, as performed by Rock,
Mantenieks. and Parsons 23 with a mercury ion

thruster, appears to be reasonable based on the weak
emission from the beam plasma.
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QUANTITATIVE EROSION

MEASUREMENTS

Although the spectroscopic investigation of the
discharge chamber yielded encouraging initial

results, the accelerator grid lifetime remains the most
innnediate life issue for thruster engineers and is the

focus of an ongoing erosion-rate diagnostic
development project at Glenn Research Center. The

weak emission in the beam plasma was insufficient to
decipher the character of the plasma, not to mention

the erosion products. In this region, interrogation
must be accomplished with either greatly improved

collection optics or LIF. For LIF to be a viable
erosion diagnostic, the laser-induced fluorescence

must be much greater than the plasma induced

fluorescence (PIF) and the absolute density of
sputtered material must be determined. Gaeta et al. 24

developed a ratio for the intensity of LIF to PIF.

Since the rate of radiative excitation is proportional

to the laser intensity in an optically thin plasma, the
laser power determines the signal-to-noise ratio.
Based upon the formula reported by Gaeta et al., 25
the theoretical ratio is on the order of 107 for a 100-

mW beam focused to a l-mm: spot for the 390.2-nm

transition of molybdenum. While this estimate is
encouraging, the absolute fluorescence must still be

sufficiently large to detect accurately. Brinza et a1.19

calculated the molybdenum number density in the
vicinity of the accelerator grid to be 6.6 x 106-cm "3.

The maximum molybdenum number density

downstream of the grids was estimated here as

Eqn. 1 nMo,m_, - mL Fbf a
MtA_ e

where m L is the mass loss in kg over a period of time

t, M is the atomic mass in kg, A is the entire grid

area, Veis the average velocity of the sputtered

material, Fb is the correction factor for the radial
distribution of ion current, and fa is the fraction of

sputtered material which is ejected with velocity
components in the downstream direction. The

average velocity of the sputtered atoms was estimated
to be between 4 x 103 and 1 x 104-m/s based on the

data of Stuart, Wehner, and Anderson. 33 This

brackets a wide range, but molybdenum is expected
to be closer to the lower limit due to its atomic mass.

The radial distribution of ion current was varied from

1 (uniform) to 1.3 (slightly peaked on axis), and 50 to

100 percent of the ejected material was assumed to
flow downstream. Using the mass loss of 10.81 g in

the NSTAR 8192-hour test, the number density near

the accelerator grid was estimated to be between
i.5 x 106 and 1.1 x 107-cm-3. 2 Accurate density

measurements using laser-induced fluorescence have
been reported as low as 108-cm-3. -'7'34 Orsitto et al. 27

provided a detailed sensitivity and error analysis for
the reported LIF density diagnostic, and the primary

limitation on the sensitivity was the collection optics
and detector. Nevertheless, Gaeta et al. '5 were able

to detect the molybdenum fluorescence signal at

390-nm with the accelerator grid at -200-V, a
condition similar to the NSTAR beginning-of-life
value of-180-V.

Despite the lack of precedence for a

quantitative LIF density diagnostic in the range of
densities expected from long-lived accelerator grids,

a quantitative laser-induced fluorescence density
diagnostic is currently in development at GRC.
Going beyond previous works, 24'25''6 the LIF density

measurements include a calibration cell and computer

modeling to relate the density distribution to an
erosion-rate and lifetime of the grid. Figure 7

summarizes the execution of the diagnostic. The
following paragraphs discuss the diagnostic in detail,

Laser-induced Fluorescence

The laser-induced fluorescence erosion material

density diagnostic currently being developed at GRC
will initially incorporate a small interrogation region

determined by the focusing optics. The laser system
currently consists of a pulsed Nd:YAG laser which is

used to pump a dye laser. The diagnostic will be
evaluated with molybdenum grids due to the heritage

of this grid material with NSTAR and the previous
LIF erosion measurement works. -_'25"26Orsitto et al.27

pumped the aTS3--zSP °3 transition at 345.64-nm

which fluoresces primarily at 550.6-nm (z 5p0 __aSS_,).3

This method is advantageous because the detector
will be unaffected by scattering from the laser, and
the fluorescence is more than 1-nm from the nearest

xenon (I, II, or IID line. Ultimately, the LIF
diagnostic will also be used to evaluate the lifetimes

of both titanium and carbon-carbon composite grids.
Titanium has several ultraviolet transitions which

may be useful for the LIF erosion diagnosticf "s A

cursory examination of the spectra of carbon
indicated that the most attractive lines for LIF were

also within the ultraviolet. To generate beams at

these wavelengths, the output of the pulsed dye laser
will be frequency doubled. In most cases, the
fluorescence is also in the ultraviolet, and an

intensified CCD (ICCD) array with photon-counting
capability will be used to collect the signal.
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Figure 7 - Approach to Develop Accurate and Cost-Effective Grid Lifetime Diagnostics.

Calibration

Two calibration techniques for the LIF erosion
material density measurement apparatus are currently

under examination at GRC. The premise of both
techniques is to produce a known density of erosion

product neutrals which can be measured using the
collection optics that will be used with the thruster.

One method uses a high flux sputtering source to
erode the target material. The erosion will be

measured using a highly accurate balance, a mass
loss technique. This method is advantageous because
the environment is similar to the beam of the thruster.

The density of eroded neutrals must be calculated

using a model for their emission, and this is a source

of uncertainty in this calibration technique.
An alternate calibration method employs

knowledge of the vapor pressure of the target species
at elevated temperatures (1600 to 1900-K).

Assuming the vaporized atoms are emitted in thermal
equilibrium with a surrounding container of the same
material, the number density near the surface is

calculated using the ideal gas law. Laser induced
fluorescence signals collected from this standard are

corrected for thermal effects to yield an absolute
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calibrationbasedonthenumberdensityof erosion
products.Usinga smalltubeof thetargetmaterial,
theinternaldensityandpressureareexpectedto be
relativelyuniformnearthemidpointif the tube
temperaturedistributionisuniform.In practice,the
tubewill exhibitsomevariationin temperature
axiallyif it is supportedat itsendpoints.Provided
theaxialtemperaturevariationnearthemidpointis
small,thenon-uniformitycanbeignored.Thisissue
iscurrentlyunderinvestigation.Althoughthevapor
pressuremethodis advantageousin termsof
simplicityandtheaccuracyto whichthedensityof
thetargetspeciesis known,caremustbeexercised
eitherin thedesignof thefluorescencecollection
schemeto minimizethe amountof graybody
radiationviewedfromthecontaineror in choosing
thefluorescencetransitionsuchthatit ismuchlarger
thanthe graybodyradiationof the tube. The
calibrationmethodsareundergoingevaluation.

Modelin2 the Results to Predict Lifetime

Since the LIF diagnostic yields a measurement
of the density of the eroded material near the grid, a
model must be developed to calculate the erosion-rate

and grid lifetime from the LIF results. Both physical
models and probabilistic failure analysis have been
used to predict grid erosion and lifetime. 21"35'36'37 The

strength of physical models has always been that,
following a successful validation, different operating

conditions can be simulated with relatively little
additional time or cost. The drawback of the physical
models has been the difficulty in validation and the

associated uncertainties in predicting untested
geometries or conditions. Particle simulation

techniques employed to study grid erosion appear to
be the best candidate for incorporation of the LIF

density data to yield a grid lifetime model. The

ability of a probabilistic failure model to incorporate
new data as it is generated to refine predictions

armaes for the use of this technique. The scope and
details of the modeling for the LIF density diagnostic
are the subject of future work.

SUMMARY

The attributes of erosion measurement

techniques were assessed as a preliminary step to
developing real-time erosion diagnostics for ion
thruster grids. Optical emission spectra were

collected from within the discharge chamber and
immediately downstream of the NSTAR derivative

titanium grids using fiber optics. The plasma induced
fluorescence in the discharge chamber was sufficient

to excite the titanium present, however collisional
processes in the beam plasma were below the limit of

detection with the optics used in this investigation.

The discharge chamber spectra were useful for
species identification.

With improved collection, the model presented
by Rock, Mantenieks, and Parsons 23 may prove
adequate to describe erosion processes within the
discharge chamber. This model uses the excitation

state of a species with much greater density to infer
the distribution of the erosion species. Using the
emission spectra to determine the erosion-rate results
in a very passive measurement.

Based on a literature review, laser-induced

fluorescence appears to be the best option for a real-

time erosion-rate diagnostic for the accelerator grid.
The experimental approach being executed at GRC

was presented. The LIF portion of the diagnostic will
be conducted in a manner similar to previous

efforts. -'-6 In addition, the diagnostic being
developed at GRC will include calibration and

modeling to relate the density measurement to the life
of the grid.
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